From a point of view of classical electrodynamics, the performance of twodimensional shape-simplified antennae is discussed based upon the shape of naturally designed systems to harvest light. We explain the reason that the function of the notch at the complex, the function of the PufX presented at the notch, the function of the special pair, the bacteriochlorophylls are dielectric instead of conductor, and a mechanism to prevent damages from excess sunlight. The non-heme iron at the reaction center, the toroidal shape of the light harvestor, the functional role played by the long-lasting spectrometric signal observed, and the photon anti-bunching observed suggest non-reciprocity. Our model has the required structural information automatically built in. We further comment about how our prediction might be verified experimentally.
Introduction
Photosynthesis that occurs daily in bacteria, algae and plants has been a subject traditionally studied by chemists and biochemists [1, 2, 3, 4] . A major task in this field was trying to understand the molecular structures. Because of the inadequate instrumental resolution, people struggled for decades to know the structure of the light-harvesting antenna. Without precise structures, investigators tried to guess the content within the black box [5] .
The Fenna-Matthews-Olson (FMO) complex was the first pigment-protein complex of which the structure was analyzed with x-ray diffraction [6] . This complex appears in green sulfur bacteria that live deep in aqueous sediments; as they encounter only few photons per second [7] , they require an efficient mechanism to harvest light. The excitation energy from light-harvesting chlorosomes is transferred through the FMO complex to the bacterial reaction centre (RC).
The chlorosomes are the largest known photosynthetic complexes in existence, comprising about 250,000 pigment molecules. In contrast, the FMO complex is a small trimeric structure (symmetry C 3 ); each of three monomers contains only seven bacteriochlorophyll a molecules.
In 1984, the first crystal structure of Rhodopseudomonas bacteria RC was determined, which resulted in a Nobel Prize four years afterward [8] .
Since about 1995, satisfactory pictures of the bacterial light-harvesting (LH) systems have been obtained [9, 10, 11] . Both the inner antenna (LH1) and the outer antenna (LH2) have toroidal shape and are composed of the same modules. Each module has two short α-helical polypeptides, one carotenoid and three bacteriochlorophylls. The exact numbers of modules involved for both complexes are variable [9, 12, 13] . The outter antenna, LH2, is smaller and consists of nine units for Rhodopseudomonas acidophila [14, 15] with inner diameter 36Å and outer diameter 68Å; But the inner antenna, LH1, is larger, as it contains the RC, and has 16 units, for Rhodospirillum rubrum with outer diameter 116Å and central diameter 68Å [12] .
Two further subtleties in the structure of LH1 are important. First, the RC contained in the LH1 has a non-heme iron. Second, for some spieces the ring of the LH1-RC complex has a mysterious opening, perhaps with a polypeptide termed PufX presented over there [16, 17] .
Many such structures have been subsequently analyzed [18] , some of which we list in Table 1 . Symmetries are notably unaltered even under strained conditions for LH3, i.e., a variant of LH2 [19] .
Following a knowledge of the structure, a question remains. Why has a light harvestor form a tambourine-like shape instead of a spherical shape or a serpentine shape, for instance? The number of modules involved is presumably unimportant; otherwise it would not vary from species to species.
As early as 1932, Stoll has tried to construct a theory for photosynthesis [25] , while Emerson and Arnold tried to construct a cooperative energy transfer theory for photosynthesis [26] . Since 1948, Förster's theory has dominated the community to describe intermolecular energy transfer because it contains mainly the experimentally accessible parameters [27, 28] . In 1959, Duysens considered the efficiency of conversion of radiant energy from the second law of thermodynamics and showed that the maximum measurable efficiency of algae photosynthesis is less than 70% [29] . A model of classical random walks on lattices has also been applied to encompass the energy transfer amongst light-harvesting antennae [30] . Investigators in quantum physics have also been working on photosynthesis because of a question posed by Lee et al. [31] . They considered the remarkable efficiency of transfer within the FMO complex to be a kind of quantum search, but a consensus is a kind of quantum random walk [32, 33] . The same group further claimed that they obtained evidence for "wavelike energy transfer through quantum coherence" [34] , which made some physicists consider photosystems as a quantum heat engine [35, 36] . In particular, they considered such an engine working under noisy conditions. These models, though physical, do not rely upon structural information.
We tried to put some structure into a model by calculating a simplified LH1 model based upon the chemical rate equations for the shape acquired, but advanced no farther than others [37] . In the present work we consider LH from a classical electrodynamic point of view, as the light-harvesting antennae function the same as radio antennae from many perspectives except their size and their reception frequencies. We can explain the function of the notch at the LH1-RC complex, the function of the PufX, the function of the special pair, and the prefered shape of the light harvestor. After taking the non-reciprocity into acount, we can even explain the function of the non-haeme iron at the reaction centre, some spectrometric observations, and much more. According to experimental data, the radius is the average of 68Å and 116Å , which equals 92Å. Although resembling the special pair in the RC, the feed line modifies the resonant frequency only slightly. To adjust the resonance frequency, the opening can be filled with other dielectric.
Loop Antennae
Two simplified shapes are shown in the figure. Figure 1 (a) is simple and can be solved analytically, whereas figure 1 (b), although resembling LH1 more closely, has a resonant frequency only slightly modified from that of figure 1 (a). We must hence consider only figure 1 (a). The notch is essential for LH1, as the received energy must be taken from some point. The Rhodopseudomonas palustris molecule (1PYH), shown in the table, also has a notch. The opening can be further filled with other material to adjust the resonant frequency in engineering [38] , for which purpose a polypeptide called PufX is present in LH1. The physical origins of PufX and of the notch are different; one does not imply the other.
Antennae of such shapes are called loop antennae and loop antennae with line feed, respectively, in engineering [39] . Figure 1 (a) was used by Heinrich Hertz when he first demonstrated radio waves around 1888; except the wavelength of our consideration is small, into the optical region.
Loop antennae divide into two categories depending upon their size relative to the wavelength of operation. If an antenna has a radius larger than the wavelength of operation, it is called a resonant-loop antenna; otherwise it is called a small-loop antenna. Because the wavelength of operation, 800 − 900 nm, is much larger than the radius of the antenna, 9.2 nm, the light-harvesting antenna belong to the category of small-loop antenna, which has a small efficiency and serves mainly as a receiving antenna.
To arrive at the electromagnetic properties of such an antenna there are a simple way and a complete way. We begin with the complete way.
Let the radius of the loop located at the origin be a, and the plane of the loop be x − y; let the angle from the x−axis be φ. If current I around the loop is uniform and in phase, the only component of the vector potential is A φ , as shown in Figure 2 (a). The infinitesimal value of A φ at a point away from the loop by distance r caused by two diametrically opposed infinitesimal dipoles is
in which dM = 2j[I]a cos φ[sin(2πa cos φ sin θ/λ)] dφ, θ is the angle relative to the vertical axis through the center of the loop, and [I] = I 0 exp {jω[t − (r/c)]} is the retarded current on the loop with I 0 being its maximum value. After integration we obtain
in which J 1 is a Bessel function of first order. We consider the far-field effects since the source of sunlight is remote. The far electric field of the loop has only a φ-component E φ = −jωA φ that is in the plane of the loop. Therefore,
The corresponding magnetic field in free space reads
Four short linear dipoles suffice to approximate the loop whilst still preserving the symmetry of the problem, which is the second method.
Let the length of the dipoles be d, and the area of the antenna, which is commonly called the aperture of the antenna, be A, as shown in Figure 2 (b) .
At the far field
The term A/λ 2 is a pure ratio, and is called the dimensionless aperture. The magnetic field is obtained on dividing by the intrinsic impedance of the medium, i.e.
in a vacuum. Eq. (7) is a special case of Eq. (4), just as Eq. (6) is a special case of Eq. (3), as for small arguments of the first-order Bessel function
The (radiation or receiving) resistance at the loop terminals can be obtained from
in which I 0 is the maximum current on the loop and R is the resistance. Integrating the Poynting vector
over a large sphere, in which Z is the impedance of the medium, the total power, P , is obtained. The resistance for a small-loop antenna is therefore proportional to 1/λ 4 . The analysis above are direct consequences of Maxwell's equations which has no restriction on the range of frequency applicable. An experiment is proposed based upon the above analysis [40] .
The antenna must work with symmetry breaking of the electric field in space to function [41] , which is the third reason for the mysterious opening at the LH1-RC complex and explaining the non-circular shape of the cross section observed.
Non-reciprocal Antennae
A regular antenna both receives and emits, because Maxwell's equations are symmetric with respect to time reversal [42] , but a light harvestor that functions solely as a receiver must receive much better than it emits. What we seek is more than an optical equivalent of an electronic rectifier, which is artificial, but an optical counterpart of a duckbill check valve in fluid dynamics. Such a valve is a naturally designed passive device that exists in a human heart. In particular, these atrioventricular valves include the mitral valve and the tricuspid valve, and semilunar valves.
As no modal or polarization properties of sunlight are known, we require mechanisms to break the (Lorentz) time-reversal symmetry [43] . There are several possibilities to make such an optical check valve:
• Faraday rotator [44, 45] ;
• circulator [42, 46] ;
• duplexer [47, 48, 49] ;
• nonlinearity [50, 51, 52, 53, 54, 55] ; and
• anapole [56] .
All five mechanisms are well known to the scientific and engineering communities.
• The first mechanism, a Faraday rotator, requires an externally applied magnetic field. All LH1-RC complexes are equipped with a non-heme iron at the RC, i.e. the Rhodobacter sphaeroides RC [57] , which could provide the required field. The iron is not bound to any protein and can be exchanged with zinc (Zn 2+ ) or manganese (M n 2+ ), just like a pearl in a mussel's mouth that chemists call "coordinated" [58, 59, 60, 61] . The role played by the non-heme iron has long been questioned, if not unknown to biochemists [62] . Biologists know that it serves as a source or sink of electrons during electron transfer or oxidationreduction chemistry [63] , without recognizing the implication of magnetic fields. The fact that the non-heme iron can be exchanged confirms our prediction about the role played by the iron. Presumably, it can also be exchanged with other magnetic atoms.
The effect is, however, typically small and decreases proportionally to λ −2 in an organic material, although there are isolated reports of large Faraday rotation [64, 65] . In contrast, a nano-scale (quantum) optical isolator (circulator) that requires neither great intensity of light nor a strong magnetic field but relies upon polarization has been built [66, 46] . Furthermore, although the main concern of the present paper is a bacterial light harvestor, molecular data show that photosystems of algae and plants likely evolved from the photosystems of green-sulfur bacteria; there are hence many analogous functions and similar structures. The photosystems (I and II) of algae and plants are not only typically equipped with nonheme iron but even manganese (M n) [67, 68] .
• The geometry of the second mechanism, a circulator, resembles our LH well. The FMO complex is a 3-port circulator; Rhodopseudomonas acidophila LH2 (PDB ID 1NKZ and 1KZU) is a 9-port circulator, whereas LH1 for Rhodospirillum rubrum is a 16-port circulator. Such optical circulators are commonly used in fibre-optic transmission to direct the optical signal from one port to another port and in only one direction. Furthermore, the special pair resembles two optical fibres of a lately realized nano-circulator [46] .
• Duplexer (or multiplexer) is the term used in communication engineering, whereas physicists use the descriptor time-dependent material, which might function together with the circulator. Biochemists know that, when a chlorophyll pigment absorbs light, it loses an electron to the RC, which means duplexing [3] . Interpreted in terms of mechanics, the photon received might cause the α-helical polypeptides/ carotenoid/ bacteriochlorophyll complex to alter its shape or orientation, hence rendering impracticable the flow of the electromagnetic wave in the other direction. Theorists have previously remarked that the FMO complex might work as a rectifier for unidirectional energy flow without specifying how that action proceeds [69] . With this mechanism the near-unity quantum efficiency of conversion is not peculiar because the electron has been locked in [70] .
The wave-like energy transfer or the coherence at room-temperature observed by previous authors simply signify a collective motion (mechanical movement) instead of quantum coherence [34] , as light at this wavelength, in comparison with the size of the antenna, should be considered as waves instead of particles, and similar conlcusion has been reached latter [71] . The functional role played by the persistent spectrometric signal observed might simply mean duplexing, as discussed here. The bacteriochlorophylls move in unison with the light wave as seaweed moves with the tides. A recent finding of photon anti-bunching from LH supports such a scenario, although no further reason for the physics behind conformational change was provided [72, 73] .
Current methods of imaging with a microscope not only are limited by the wavelength used but also require harsh conditions or direct mechanical interaction with the samples, hence becoming inappropriate for live cells. A newly invented imaging method using phonons (acoustic waves) of sub-optical wavelength or a photonic crystal-enhanced microscope might enable one to observe the route that a photon takes on entering and leaving LH, to discover how the LH alters its conformation [74, 75] . Otherwise, we might be able to fabricate a nano-scale optical isolator, by chemical or biological synthesis for example, according to scaling laws, to assess whether it generates spectra of the same characteristics as a real light harvestor [76, 77] . The molecule thus synthesized need not be organic, or even light-sensitive, as what we are considering is the geometric effect.
• Fourthly, the LH are apparently nonlinear media. The internal quantum states of the non-heme iron at the RC can serve to control the direction of the light propagation [46] .
• The shape of the light harvestors is a toroidal as required for anapole radiation.
The above statements have not excluded a spherical shape, which occurs on evoking the Poincaré-Brouwer theorem [78] . This theorem was originally proven by Poincaré and is sometimes called the hairy-ball theorem; it states that there exists at least one point on the surface of a sphere at which vectors of electric and magnetic fields become equal to zero. The Poynting vector is also zero at this point. This theorem indicates a toroidal shape instead of a spherical circulator, which is the second lesson from nature about solar light harvesting mentioned by previous authors [7] and is consistent with the requirement of anapole radiation, but is not honoured in a recent design of bio-inspired optical antennae [79] . The non-spherical requirement is not only depicted at a smaller scale as for the light-harvesting complex discussed here but also at a larger scale as in chromatophores [80] , although the later authors describe the shape of the chromatophores of Rhodobacter sphaeroides as spherical in their abstract but as vesicles later in the content of their paper.
Discussion and Summary
The subtlety in the structures arises in whether the LH comprise overlapping rings or non-overlapping rings. The vigilant reader might recognize that we consider them as overlapping in the case of small-loop antennae but nonoverlapping when discussing non-reciprocity. The same issue governs the problems of quantum or not quantum (classical), conductor or not conductor (dielectric). Simplification gives insight, which is the key to our discovery and which is a major approach of physicists [81] . However, non-overlapping rings give better performance [82] .
The analysis in Section 2 considers the antenna to be a conductor whereas bacteriochlorophylls are dielectric. Dielectric can be used to build antennae, which was invented in 1939, tested in 1982, and is now widely used in mobile phones [83, 84, 85] . For the frequency of sunlight dielectric works better. Dielectric immunize the antennae from damage due to high power [86, 87] , which is generally attributed to the carotenoids involved, but carotenoids are missing in the FMO complex [88] . More are discussed in a subsequent paper [82] .
More sophisticated symmetries, i.e. symmetry D3, exist in red-shifted phycobiliprotein complexes from the chlorophyll f-containing cyanobacterium Halomicronema hongdechloris [89] ; C-Phycocyanin from Leptolyngbya [90] , and C-phycoerythrin from cyanobacterium Phormidium [91] . Symmetry D3 represents a twisted or a stereo symmetry C3. The number of bacteriochlorophylls in each module might be another level of symmetry: first, it means self-similarity as discussed in fractal theories [92] , second, the number three instead of two, like the special pair in the RC, might indicate classical instead of quantum.
In summary, in this work, we sought another possibility to consider a lightharvesting antenna as a device to receive electromagnetic waves. The energytransfer part of the primary step of photosynthesis is explicable in terms of classical electrodynamics. Our model from classical electrodynamics has the structural information enforced. We thereby provide an explanation for 1. the function of the notch, 2. the function of PufX, 3. the function of the special pair, 4. the function of the non-heme iron at the LH1-RC complex, 5. the preferred shape of the light harvestor, 6. a reason for use of dielectric as an antenna, 7. a mechanism to prevent damages from excess sunlight, 8. the wavelike energy transfer observed, 9. the physics behind photon anti-bunching.
All four categories of non-reciprocity and dielectric resonator antennae deserve further investigation. As the geometry is known, we interpret its mechanism that might be useful for the future production of artificial light-harvesting systems [7, 93, 94] . Photosystems I and photosystems II of algae and plants should evolve from the same principle as discussed in the present work, although equipped with more sophisticated material.
